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A dc-induced voltage oscillation was observed at room temperature in Ni36Nb24Zr4090.1H9.9 glassy
alloy ribbons of about 1 mm width and 30 m thickness and an electrode distance of 20 mm. The
I-V characteristic provided evidence of the Coulomb staircase at 300 K, suggesting the existence
of macroscopic proton dot tunneling along the ZrNb–H––H–ZrNb atomic bond array, where
is the vacancy barrier among clusters. The frequency decreased remarkably with increasing
capacitance C and resistance R at room temperature. Thus the Ni36Nb24Zr4090.1H9.9 glassy alloy
can be regarded as a dc/ac converting device with a large number of nanofarad capacitance. © 2009
American Institute of Physics. DOI: 10.1063/1.3100041
I. INTRODUCTION
Quantum dot tunneling is one of the topics currently
attracting a great deal of interest in the field of physics.1–6 If
room-temperature macroscopic quantum dot tunneling is re-
alized, it will lead to epoch-making developments in the
manufacture of electronic devices. Although the challenges
in realizing quantum dot tunneling at room temperature have
been carried out by various research groups, only a few re-
ports have been made on room-temperature operation of the
single electron transistors SETs.7–9 Moreover, no research
work has achieved a success for the SETs, on the millimeter
size, as far as we know.
The Coulomb blockade effects of the single electron and
photon in mesoscopic systems with nanostructures exhibit
nonlinear responses to an externally connected macroscopic
system. In addition, the discreteness of the proton charge has
also been found to cause dramatic transport phenomena in
glassy alloys with nanostructures:9–11 In the temperature
range of 345–6 K, an electric current-induced voltage oscil-
lation at 500–740 kHz was observed in the current-voltage
curves of nanoscopic-size tunnel junctions arranged in a low-
capacitance, multiple-junction configuration of
Ni42Nb28Zr30100−xHx 5.2x15.2 and
Ni36Nb24100−yZry100−zDz 9.1z14.8 glassy alloys,
which consists of Zr and Ni elements that are affinity and
antiaffinity for hydrogen deuteron, respectively. The enthal-
pies of the dissolved hydrogen atoms for Zr and Ni are 63
and +16 kJ /mol H, respectively.12 This behavior appears to
be Coulomb oscillation, a result of the tunneling by indi-
vidual protons or deuterons charging and discharging the
vacancy capacitance of the ZrNb–HD––HD–ZrNb
atomic bond arrays, where  is the vacancy barrier with
electric capacitance. As a basis of proton tunneling, the fre-
quency of 500–740 kHz, which was observed in the previous
paper,9 was in accordance with the calculated value 543
kHz, taking into consideration the proton mass 938.256
MeV, when the tunneling current is 0.16 nA. The glassy
alloy is characterized by an assembly free volume of such
vacancies 0.3–0.5 at. %.13 This is in sharp contrast to
crystalline alloys with high hydrogen content in which coop-
erative motions of hydrogen are present. Furthermore, hydro-
gen atoms in the Ni42Nb28Zr30 glassy alloy strongly settle
into four-coordination sites surrounded tetrahedrally by four
ZrNb atoms.14 This settlement is a necessary condition for
Coulomb oscillation. However, the low-temperature opera-
tion required places severe constraints on practical use. For
this reason, we investigate an effect of Zr content on Cou-
lomb oscillation in the millimeter sized Ni–Nb–Zr–H glassy
alloys in anticipation of room-temperature Coulomb oscilla-
tion.
II. EXPERIMENTAL PROCEDURE
The rotating wheel method under an argon atmosphere
was used for the preparation from argon arc-melted ingots of
amorphous Ni0.6Nb0.4100−xZrx100−y –Hy x=30, 35, 40, 45,
and 50, 5.2y22 glassy alloys of about 1 mm width and
30 m thickness.15 Hydrogen charging was carried out elec-
trolytically in 0.5M H2SO4 and 1.4 g/l thiourea
H2NCSNH2 at room temperature and at current densities of
30 A /m2, using a Pt counterelectrode.16 The thiourea, which
enhances the activity of proton in the acid solution, is also
used as a hindering medium for combination reaction of H
+H→H2 at front of the cathode electrode. In electrolysis,
furthermore, the cathode current prevents cathode elements
from resolving into the solution. The amounts of hydrogen
absorbed in the specimens were measured by the inert gas
carrier melting-thermal conductivity method.
The structure of the glassy alloy was identified by x-ray
diffraction with Cu K radiation in the grazing incident
mode. The angle of incidence used was 2°.
The specific electrical resistance of hydrogenated speci-
mens was measured by the four-probe method dc and ac
source 6221, nanovoltmeter 2182A Keithley Instruments
Inc. with a dc of 1 mA at cooling and heating rates of
0.017 K/s from 373 to 6 K in He of ambient pressure top
loading refrigerated cryostat; JECC Torisha Co.. The dis-
tance between the two voltage electrodes was 20 mm. InaElectronic mail: fukuhara@imr.tohoku.ac.jp.
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order to eliminate both the effects of the electromagnetic
environment and the quantum fluctuation of the electric
charge,17 we used a source resistance Rs of 10 G, which
is much larger than the quantum unit of resistance RQ
=h /e222.5 k. The four-probe method I-V curve was
measured from 0.5 to +0.5 mV and then from +0.5 to
0.5 mV by constant voltage steps of 0.1 mV in the tem-
perature region of 8–412 K using the semiconductor charac-
terization system 4200 Keithley Instruments Inc. with a
source resistance Rs of 50 m and accuracy of 5 V.
The RC dependence of frequency was measured by three
capacitors of 10, 100, and 1000 pF, and variable resistors of
1, 5, 10, 100, 1000, 10 000, and 100 000 k under dc con-
stant currents of 0.2, 1.0, 5.0, 10.0, and 30 mV, using pi-
coammeter 6487 Keithley Instruments Inc..
III. RESULTS
A. Occurrence of abnormal resistivity
Following the discovery of low-temperature electric
current-induced voltage oscillation, we pursued an investiga-
tion of the occurrence of Coulomb oscillation at room tem-
perature. In order to enhance the transition temperature, an
effect of the Zr content on Coulomb oscillation was investi-
gated, because it was anticipated that there would be a strong
affinity of zirconium to hydrogen. The electrical resistances
of Ni0.6Nb0.4100−xZrx100−yHy x=30, 35, 40, 45, and 50,
5.2y22 alloys under 1 mA dc with alternately positive
and negative signs were measured during cooling and heat-
ing runs. Figures 1a and 1b show the result of
temperature-dependent electric resistivity in a representative
Ni36Nb24Zr4090.1H9.9 alloy. The resistivity increased almost
linearly with decreasing temperature, but suddenly jumped to
second to third order at 253 K, and then continued with
discrete variation down to 66 K. Subsequently the resistivity
dropped abruptly on the extended line of the cooling curve
between 311 and 253 K, and then ascended once again as the
temperature decreased. In the heating run, the resistivity de-
creased according to the same curve at the cooling run, ex-
cept for the discrete variation between 1938 and 330 K. The
power spectra of the representative Ni36Nb24Zr4090.1H9.9 al-
loy at 6, 200, and 300 K are shown in Fig. 2. The frequency
decreased from 760 to 600 kHz with increasing temperature.
These values are somewhat larger than those 500–560 kHz
of proton tunneling estimated in the previous paper.9
We observed similar resistivity variations for restricted
hydrogen and Zr contents. The effects of Zr and H contents
on critical temperature for occurrence of Coulomb oscillation
are collectively presented in Fig. 3, in which the solid black
line denotes the Zr:H atomic ratio of 4:1. In the figure, the
red solids represent the alloys observed and the blue solids
represent the alloys not observed in both cooling and heating
runs. The green and pink triangles represent alloys observed
in the cooling run and heating run, respectively. Conse-
FIG. 1. Temperature-dependent electric resistivity in Ni36Nb24Zr4090.1H9.9
glassy alloy under 1 mA during cooling and heating runs from 373 to 6 K.
a is the magnified figure of b.
FIG. 2. Power spectra for wave patterns of Ni36Nb24Zr4090.1H9.9 glassy
alloy under 1 mA at 6, 200, and 300 K.
FIG. 3. Color The effect of Zr and H contents on critical temperature for
occurrence of Coulomb oscillation. The oscillation occurred at restricted H
and Zr contents along with the Zr:H atomic ratio of 4:1.
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quently, the resistivity showed abnormal variations at re-
stricted hydrogen concentrations of 5.2–12.2 at. % and
within the temperature range of 373–6 K. The upper critical
temperature, at which the Coulomb oscillation stops in the
heating run, showed maximum values at compositions of
40 at. % Zr and 9.5–11 at. % H see Fig. 4a. The resis-
tivity during Coulomb oscillation had a maximum value
0.97  cm at compositions of 40 at. % Zr and 11 at. %
H, respectively see Fig. 4b. Thus, Coulomb oscillation of
the proton seems to occur at the Zr:H atomic ratio of 4:1–
1.2 and Zr content between 30% and 50%, i.e., Ni content
between 30 and 42 at. %. The Zr:H atomic ratio of 4:1 cor-
responds to the composition, which point hydrogen fully oc-
cupied the four-coordination sites that are surrounded in a
tetrahedral arrangement by four Zr atoms.18 Furthermore, it
is clear that some amounts of Ni, which are antiaffinity ele-
ments for hydrogen,9 are needed for proton tunneling.
B. I-V characteristics
To confirm the current mechanism, we then measured
I-V characteristics at temperatures ranging from 8 to 412 K,
because a stepwise increase in the current I upon increasing
the applied voltage V is expected for tunnel barriers.19 Figure
5 shows a typical Coulomb staircase, indicative of quantum
dot tunneling、 as can be seen from “Coulomb gap” shown
by a hyperbolic curve in I-R characteristics at 300 K insert,
Fig. 5. The curves are asymmetric with respect to zero bias.
The asymmetry could be attributed to specimen size. The
similar behavior was observed in the I-V characteristics of
DNA-templated assembly with a 12 m long wire.20 The
feeble current in negative bias near zero voltage may be due
to cotunneling, which could be elucidated by network of
cluster in glassy alloys. The cotunneling has been treated as
macroscopic quantum tunneling in mainly multijunction
systems.21 The width V=0.10 mV of the current plateaus
is a direct measure of the charging energy: eV=e2 /C, from
which we deduce the total capacitance C=1.60 fF. To obtain
information on the tunnel barrier height and width, the con-
ductivity was plotted as a function of the inverse temperature
1 /T, the Arrhenius plot in Fig. 6, and measured for the
fixed E=0.10 mV, judging from the hyperbolic curve in I-R
characteristics at 300 K insert, Fig. 5. It can be seen that
there are two distinct temperature regions. At a temperature
below 300 K, the current is almost constant, whereas it
increases noticeably with increasing temperature. The former
behavior is that of tunneling,22 whereas the latter is an acti-
vation process, which arises from the thermionic emission
over the tunnel barrier.23 From the slope in the higher tem-
perature region, the activation is estimated to be 20 meV.
This value is smaller 173 meV than that of nanocrystalline
silicon SETs,24 but larger 5.4 meV than that of metallic
single-walled carbon nanotube quantum dots.21
C. RC effect on the oscillation in the dc/ac circuit
Since the alloy Ni36Nb24Zr4090.1H9.9 causes dc-induced
ac oscillation at room temperature, we concluded this study
FIG. 4. Color a Effect of Zr and H contents on upper critical temperature
at which Coulomb oscillation stops in heating run. b Effect of Zr and H
contents on maximum resistivity during Coulomb oscillation.
FIG. 5. Color The voltage-controlled I-V characteristics of
Ni36Nb24Zr4090.1H9.9 glassy alloy at 8, 50, 100, 150, 200, 250, 300, 350,
and 412 K. Insert: the voltage-controlled I-R characteristics at 300 K.
FIG. 6. Arrhenius plot of the conductivity for Ni36Nb24Zr4090.1H9.9 glassy
alloy as a function of the inverse temperature.
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by investigating the RC effect on the oscillation in the dc/ac
circuit. The capacitance dependence of frequency for various
resistances at room temperature is shown in Fig. 7, along
with the frequency circuit. In the capacitance region over 100
pF, the frequency decreases remarkably with increasing re-
sistance from 900 kHz. As regards the origins of the reason
why the most stable oscillation is characterized by the fre-
quency of 900 kHz, although there are possibilities such as
cluster configuration, vacancy distribution, and size effect of
the specimens, we cannot make any assignment at the
present time. This needs further investigation.
IV. DISCUSSIONS
Based on the present results, it is possible to surmise that
the abnormal behavior seen is a Coulomb oscillation that
arises from the tunneling of individual hydrogen when charg-
ing and discharging the capacitance, thereby producing dis-
crete voltage jumps oscillation with second to third order of
e /C. This is a dc-induced ac oscillation, which is associated
with the quantum mechanism of solute hydrogen. This oscil-
lation is suggested to arise from sequential quantized charg-
ing of the sample.9
The most important point that we must emphasize for
this work is the discovery of the room-temperature Coulomb
oscillation for the millimeter sized Ni–Nb–Zr–H glassy al-
loys. To elucidate the reason we must consider the nanometer
sized structure of the glassy alloys of interest. In general, as
the metallic island size becomes smaller, the more the elec-
trostatic energy decreases, i.e., the transition temperature of
the Coulomb oscillation shifts to a higher temperature.2 From
the calculated capacitance C=e2 /2kT, k is Boltzmann’s con-
stant for proton tunneling in Fig. 8, we can estimate the
capacitance of vacancy barrier as 1.6 aF at 300 K. In this
case, a single electron on a metallic island can block the flow
of another electron if the charging energy of the island
greatly exceeds the thermal energy kT. This means that that
the distance between the islands should be size of 1 nm.
It is known that icosahedral clusters with around 1 nm in
size exist in metal-metal typed Zr-based glassy alloys.25 The
icosahedral cluster has 20 tetrahedral sites in unit cell. Thus
we can image zigzag paths linking the atomic Zr–H––
H–Zr array corresponding to a single Coulomb blockade tun-
neling junction between the tetrahedrons belonging to each
icosahedral cluster.25 In this case, a cluster can be regarded
as a nanoscopic 1 nm metallic island isolated from oth-
ers by potential barriers. The tunneling junction representing
a single element of the array is characterized by a tunneling
resistance Rt and capacitance C in the equipment circuit Fig.
4b in Ref. 26. Thus, the glassy alloy of interest can be
considered as an assembly of low-capacitance, multiple-
junction configurations. In other words, the cyclic oscillation
in Fig. 2 would be a result of hydrogen resonance among the
multiple junctions. In a subsequent paper, nuclear magnetic
resonance for proton under dc will be studied.
The atomic configuration of Ni36Nb24Zr4090.1H9.9
glassy alloy has been analyzed by X-ray absorption fine stru-
cutre XAFS measurement using strong radiation photos of
SPring-8.27 The atomic radii of Zr, Nb, and Ni 0.1625,
0.1535, and 0.1005, respectively for Ni36Nb24Zr4090.1H9.9
glassy alloy are longer than those of crystalline Zr and Nb,
and shorter than that of crystalline Ni, in comparison with
those of the crystalline forms 0.160, 0.145, and 0.124 nm,
respectively.28 The occupation site of hydrogen in the icosa-
hedral cluster has been investigated by neutron diffraction
analysis and the best atom configuration using the first-
principles density functional calculations. The detailed re-
sults will be described in an upcoming paper.
From frequency variation on RC effect in Fig. 7, the
oscillation decrement from 760 to 600 kHz in Fig. 2 reveals
frequency shift from 900 kHz by increment in RC effect.
Here, it should be noted that a constant voltage-discharge
tube with parallel condenser and large resistance in the same
circuit as shown in the insert in Fig. 7 causes block oscilla-
tion, which is derived from charging and discharging the
capacitance.29 This is a kind of discharge phenomenon seen
in solids. As the similar phenomenon, Sawano et al.30 re-
ported the dc-induced ac oscillation with 40 Hz for crystal-
line organic salt 	-BEDT-TTF2 CsCo SCN4 at 4.2 K.
They called it as an organic thyrister. Hence, by analogy, we
can regard the glassy alloy under examination as the dc/ac
converting device with a large number of nanofarad capaci-
FIG. 7. Color Capacitance dependence of frequency for various resis-
tances in Ni36Nb24Zr4090.1H9.9 glassy alloy. Insert: oscillation circuit used
in study. R, C, and E are resistance, capacitance, and dc voltage source,
respectively.
FIG. 8. Calculated temperature-dependence of electrostatic energy for Cou-
lomb oscillation, using equation C=e2 /2kT.
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tance. Thus there is potential for utilizing glassy alloys in
room-temperature quantum devices such as batteries, ampli-
fiers, memory switches, and so on, without wiring.
V. CONCLUSIONS
Characteristic electric resistivity of the
Ni0.6Nb0.4100−xZrx100−yHy x=30, 35, 40, 45, and 50, 5.2
y22 alloys was measured in the temperature region be-
tween 373 and 6 K. The resistivity showed abnormal varia-
tions at restricted hydrogen concentrations of
5.2–12.2 at. % and within the temperature range of 373–49
K. Maximum resistivity 0.97  cm, which is the third or-
der higher than that of the alloy without hydrogen, was found
at 11.0 at. %H. The power spectra for wave patterns of the
representative Ni36Nb24Zr4090.1H9.9 alloy showed voltage
oscillations of 760, 660, and 600 kHz at 6, 200, and 300 K,
corresponding to the theoretical oscillation produced by the
tunneling of a proton. The I-V characteristics at temperatures
ranging from 8 to 412 K revealed the Coulomb staircase,
indicating typical quantum dot tunneling in the atomic
ZrNb–H––H–ZrNb array at room temperature. Thus,
we have succeeded in discovery of the room-temperature
Coulomb oscillation of a proton dot in Ni–Nb–Zr–H glassy
alloys with nanofarad capacitance, on the millimeter size.
From the RC effect on the oscillation in the dc/ac circuit, we
concluded that this is a kind of discharge phenomenon in
solids, such as the constant voltage-discharge tube.
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